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Abstract—Plug-in hybrid electric vehicle (PHEV) depends mostly 
on the electric drive system where the internal combustion engine 
just acts as the auxiliary unit, which has strict constraints for the 
drive machine. According to the Toyota Prius configuration, one 
novel PHEV drive system in this paper has been brought forward 
which primarily includes one drive machine operating as both 
motor and generator, energy storage unit combining 
supercapacitor and battery. In the novel PHEV, the ideal 
tendency is to use the drive machine over the entire torque/speed 
range, including starting/acceleration, high speed cruising, 
regenerative braking, etc. The flux-switching permanent magnet 
machine (FSPMM) for the drive system has been studied in 
details. Firstly, the structure and operation principle are 
analyzed theoretically. In order to achieve higher torque/power 
density and lower torque ripple, FSPMM with 6/7 (stator/rotor) 
poles and 12/14 poles according to plenty of investigations are 
optimized based on our setting objective function decided by 
actual projects. Moreover, it analyzes several typical 
performance curves, such as cogging/rating torque, flux linkage, 
back-EMF, and self-/mutual- inductances. Finally the flux-
weakening ability and efficiency are estimated by experience. The 
results indicate that FSPMM is one ideal candidate for our 
PHEV drive system for its strong thermal dissipation ability, 
good mechanical robustness, strong flux-weakening ability, etc. 
Keywords-Plug-in hybrid electric vehicle (PHEV); flux-
switching permanent magnet machine (FSPMM); flux-weakening 
ability; thermal dissipation; mechanical robustness. 
I.  INTRODUCTION  
Most vehicles running on roads today are propelled by 
internal combustion engines (ICEs). Despite their wide 
diffusion and the remarkable evolution during the last century, 
ICEs have been afflicted by many defects, notably their low 
energy efficiency traditionally no more than 30%, carbon 
dioxide emission, and dependence on crude oil. According to 
the investigation released by the USA environmental protection 
agency (EPA), conventional ICE vehicles currently contribute 
40-50% of ozone, 80-90% of carbon monoxide, and 50-60% of 
air toxins found in urban areas. Fig.1 indicates total CO2 
emission proportion in China by field. Fig.2 shows global 
vehicle CO2 emission proportion by region, North America, the 
greatest one, is more than one third, followed by China close to 
one fifth, and the third is European region.  
However, the amount of crude oil in the world is limited, 
which will be used up sooner or later. According to statistics of 
American DOE, gasoline price has been increased 2 times 
during the past 8 years, which is indicator of growing tension 
between supply and demand. Furthermore, the emission of 
green house gases emitted by cars has already made the world 
weather warmer which affects human being’s normal living. 
Therefore, the increase of fuel economy is very important for 
actual automobile development so as to decrease its 















Fig.1. Total CO2 emission proportion 















Fig.2. Global vehicle CO2 emission 
proportion by region. 
Battery powered electrical vehicle (EV) can bring some 
merits over the ICE cars, such as reduced environmental 
pollution and high energy efficiency. However, its operation 
range is far less competitive than ICE vehicles because of the 
low battery power density. HEVs have advantages of both EV 
and ICE cars, which employ two power sources, a primary unit 
ICE fuelled by a petrol tank and a supplementary unit of motor 
and generator fuelled by a battery and/or super capacitor bank. 
An early version of HEVs, also known as the micro HEV, is 
implemented on the basis of the conventional ICE powered 
vehicles by increasing the power capacity of the starter 
generator, which functions as the starter for ICE when the 
vehicle is started and a regenerative brake when the vehicle 
reduces its speed. Because of various electrical and mechanical 
constraints, the function of regenerative braking is possible but 
not very effective. A modern HEV is propelled jointly by the 
ICE and the electrical motor. In the current commercial 
versions, the ICE plays the major propulsion, while the 
electrical motor functions only as the supplementary drive 
when there is a need for extra torque, and the regenerative 
braking is realized by a separate generator.  
By the great development of battery technology and power 
electronics, plug-in hybrid electrical vehicle (PHEV) has been 
paid much more attention both by academia and industry. 
Different with HEV, drive machine in the PHEV plays the 
primary role while the ICE just acts as the auxiliary unit which 
only works in the initial starting, acceleration, hill-climbing, 
and other urgent cases. In theory, the PHEV could bring zero 
carbon dioxide emission if charged by green sources such as 
wind, solar, methane (from landfills), hydro, and diesels 
powered from synthetic fuel, which are some of the green 
generation being interconnected with the utility at the 
distribution level. 
Fig.3 is one novel PHEV drive system configuration 
presented in [1, 2]. Different with the typical HEV structure in 
Toyota Prius illustrated in Fig.4, the novel configuration has 
the following traits.   (1) Strong energy storage unit combining 
battery with high energy density and supercapacitor with high 
power density. The battery and supercapacitor getting the 
electricity from the grid by the charger supply the energy to 
drive the electrical machine, or store the regenerative energy 
during braking so as save amount of energy.   (2) Only one 
drive machine acts as motor or generator in different working 
styles. For the sole drive machine, the connection between 
mechanical and electrical ports is much simple. Furthermore, 
the drive machine has more compact volume, higher efficiency 
for its lower copper and iron losses.   (3) Flexible energy 
management strategies. There are four typical states in our 
novel PHEV structures, including the energy from storage unit 
to drive machine, kinetic energy from drive machine to storage 
unit, energy from ICE to storage unit, and energy from ICE to 
drive machine, etc. [2]. It is also flexible to control the drive 




























Fig.4. Toyota hybrid system configuration.  
However, the novel PHEV configuration brings more strict 
constraints for the drive machine in addition to some traditional 
requirements, particularly in the aspects of heat dissipation 
ability, structure robustness, flux-weakening ability, and 
working redundancy capability. To the authors’ best 
knowledge, four kinds of ordinary machines, involving DC 
machine, switched reluctance machine (SRM), induction 
machine, and permanent magnet synchronous machine 
(PMSM) with PM placed in rotor, could not be satisfied with 
the aforementioned four special aspects simultaneously.  
One emerging flux-switching permanent magnet machine 
(FSPMM) combining the SRM with simple rotor structure 
capable of reaching extremely high speed and PMSM with 
higher torque/power density will be discussed in this paper. It 
is organized as follows. In Section II, the typical topology and 
operation principle of FSPMM are briefly introduced. The 
electromagnetic optimal design of FSPMM is given out in 
Section III. In Section IV, it makes the main performance 
analysis of FSPMM. Final conclusions are drawn in Section V. 
II. STRUCTURE AND OPERATION PRINCIPLE 
Fig.5 gives out brief introduction on the FSPMM with 
12/10 poles, including the whole structure, PM arrangement, 
and PM flux linkage road line [4]. It can be found from Fig.5 
(a) that the rotor of the machine is similar to that of a SRM. 
Compared to SRM, the main difference lies in the 
configuration of magnets in the stator, containing 12 segments 
of “U”-shape magnetic cores, between which 12 pieces of 
magnets are insert pre-magnetized circumferentially in 
alternative opposite directions. Dislike the traditional PMSM 
with PMs in the rotor, the placement of both magnets and 
windings in the stator is easy to be cooled for its large space or 
surface, which is greatly attractive to the aerospace and EV 
applications where the ambient temperature of the machine are 
comparatively higher for compact volume. The FSPM machine 
with concentrated windings on each pole is wound around the 
two adjacent teeth with a piece of magnet in the middle, which 
leads to low copper consumption due to short end-windings. 
Moreover, it employs the feature of independent electric and 
magnetic circuits among phases so to offer the possibility of 







Fig.5. Simple diagram of a 3-phase FSPMM with 12/10 (stator/rotor) poles [4]. 
(a) The whole structure. (b) PM placement. (c) Flux linkage. 
The PM configuration is shown in Fig.5 (b). In 
simplification, only half of the stator due to symmetry is 
discussed here [4]. At the position shown in Fig. 5(a), the phase 
A PM flux linkage gets to the maximum. The polarity of flux 
in coils A1 and coil A2 is identical with slight difference in 
their amplitudes due to magnetic circuit differences and partly 
saturation. The relative position between the PMs and coils can 
be described as: A1+_N_B1-_S_C1-_N_A2+_S_B2-_N_C2- 
where N/S denotes the polarity of magnets and +/-denotes the 
opposite polarity of stator coils. When the rotor rotates 18 
mechanical degrees anticlockwise from the position in Fig.5 
(a), both fluxes of coils A1 and A2 will change from positive to 
negative simultaneously while the amount of flux is 
unchanged.  
The two pictures in Fig.5 (c) indicate that the PM flux 
linkage path changes with different rotor positions. It seems 
that one switching placed in the stator pole to be turned on or 
off to control the PM flux linkage through the stator left or 
right side. Different with those of double salient permanent 
magnet machine and SRM, the FSPMM has bipolar flux 
linkage curve, which could be excited by bipolar current so as 
to have higher average torque. In addition, it has shorter 
magnetic circuit that may result in low iron loss in the stator 
back-iron and lower leakage inductance. The operation 
principle of FSPM machine can be described in Fig.6 [6]. 
 
Fig.6. Operation principle of FSPMM. 
III. ELECTROMAGNETIC DESIGN  
There are a lot of feasible combinations of stator and rotor 
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where Ns/Nr is the number of stator/rotor pole, m is the number 
of phases, k1 is an integer number when m is an even number, 
but k1 should be an even number when m is an odd number 
since the number of stator poles must be even. In order to 
quantitatively compare the torque or power of various 
structures, we set the precondition: outer radius is 80mm, 
lamination depth 60 mm, and the split ratio (inner rotor radius 
to outer radius) 0.6 based on plenty of practice. The torque 
curves of stator with 6 and 12 in three phases are illustrated in 
Fig.7, and self-inductance curves in Fig.8. For the double 
salience occurring in both stator and rotor, there exists torque 
ripple in different rotor position for the changing equivalent air 





TK T T dt TT
= −∫                                        (2) 
where Tavg is the average torque. KT is one ratio to describe 
torque ripple RMS value, which takes the ripple in different 
rotor position into consideration. 
























































Fig.7. Torque versus rotor position. (a) 6-pole stators. (b) 12-pole stators. 
The average torque and torque ripple are summarized in 
Table I. It is evident that FSPMM with 6/7 and 12/14 poles 
have the highest average torque and lowest torque ripple 
among 6 different structures, which are hence chosen as our 
backups for the novel drive system. 
TABLE I 
TORQUE AND TORQUE RIPPLE OF DIFFERENT FSPMMS 
Items 6/5 6/7 6/8 12/10 12/14 12/16 
Average torque (Nm) 2.92 3.95 2.73 2.75 3.45 2.67 
Torque ripple (%) 10.36 1.49 6.34 11.51 3.10 10.42 
It is noted that there are great magnetic saturation existing 
in the FSPMM, particularly in the fringe of stator pole, edge of 
PM, teeth of the rotor, and so on. The flux linkage nephograms 
are indicated in the Fig.8, where the maximal could reach more 
than 2.5 Tesla. Fig.9 shows the air gap flux density distribution 
versus rotor position. Different with those of traditional PM 
machines, the flux density is not ideally sinusoidal. It has 
higher value in the adjacent domain of stator teeth or rotor 
pole. In order to improve the performance indexes, such as 
torque/power density, efficiency, torque ripple, and reduce the 
partial magnetic saturation, it is very necessary to optimize the 
structure parameters. By plenty of investigation on the 
electromagnetic design, some key structure sizes for the 
FSPMM, involving the width of stator pole, PM thickness, 
width of rotor pole, series number of winding in each pole, etc., 
could be optimized by the objective function defined as, 
w w
1 2 3
b w b w
Max T Tw
Tb Tw
T T K K
f a a a






        (3) 
where T is the optimal torque, Tw the worst torque, Tb the best 
torque, η the optimal efficiency, ηw the worst efficiency, ηb the 
best efficiency, KTw the worst torque ripple ratio, and KTb the 
best torque ripple ratio; a1, a2, a3 are weighting ratios for 
different optimal variables [5]. The objective function is one 
normalized value, where a1, a2, a3, Tw, Tb, ηw, ηb, KTw, KTb 
should be decided dependent of actual project requirements. 
The optimal electromagnetic design flow chart is shown in 
Fig.10. The final dimensions should be decided by many 
iterations constrained by the objective function to finally agree 





Fig.8. Flux linkage nephogram. (a) 6/7 poles. (b) 12/14 poles. 
 






















































Fig.9. Air gap flux density distribution versus rotor position. 
(a)6/7 poles. (b) 12/14 poles. 
IV. PERFORMANCE ANALYSIS  
According to the full investigation of our provided PHEV 
executed by PSAT, one famous automobile simulation 
software, from the system view, the rated power of the drive 
machine is approximately 75kW@3000rpm [5]. In order to 
save the cost and verify the theoretic analysis, two prototypes 
including 6/7 and 12/14 poles are optimized whose dimensions 
are given in the Table II. The two machines have the same 
outer radius with 40.6 mm, and split ratio with 0.613 (the rotor 
out radius to the stator out radius).  
TABLE II 
MAIN DIMENSIONS OF TWO MACHINES (Length unit: mm) 
Items FSPM (6/7) 
FSPM
(12/14) 
Outer radius 40.6 
Stator 
York height 4.5 
Pole width 15.2 7.8 
Pole height 9.8 10 
Winding number 
per pole 100 62 
 
PM 
Width 3.9 2.6 
Height 13.8 
Air gap length 0.5 
 
Rotor 
Pole width 7.8 3.8 
Pole height 6 6.4 
York 7.4 6.8 
Radius of shaft 6.8 
Depth of model 73.7 
A. Typical Performance Curves 
Typical performance curves of FSPMM with 6/7 poles 
include the cogging torque, flux linkage in no load, excited 
rating phase current, back-EMF in no load, and rating 
torque@3000 rpm, are illustrated in Fig.11.  



















































Fig.10. Optimal electromagnetic design procedure. 










































Fig.11. Performance curves of FSPMM with 6/7 poles. (a) Cogging torque. (b) 
Flux linkage. (c) Back-EMF. (d) Rated torque @3000 rpm. 
Similarly, typical performance curves of FSPMM with 
12/14 poles are given out in Fig.12. As shown in Figs.11 and 
12, the cogging torque is only relative with structure 
parameters, especially the widths of stator and rotor poles, slot 
depth, PM thickness, etc. For the double salient trait, the 
cogging torque cannot be eliminated, which could be decreased 
by optimizing the structures and adopting rotor skewing 
techniques. For the almost half PM thickness in FSPMM with 
12/14 compared with those of 6/7, it also has about half 
amplitude of phase flux linkage. The back-EMF waves seem 
sinusoidal with bipolarity, and hence the FSPMMs could be 
excited by BLAC operation principle. 























































































Fig.12. Performance curves of FSPMM with 12/14 poles. (a) Cogging torque. 
(b) Flux linkage. (c) Back-EMF. (d) Rated torque @3000 rpm.  
B. Self- and Mutual- Inductances 
The average torque and torque ripple are summarized in the 
Table III. For larger leakage inductance in FSPMM with 12/14 
poles, it has lower average torque than that of 6/7 poles. 
Fortunately, it has lower torque ripple for more symmetry 
magnetic path. The self- and mutual- inductances are functions 
versus rotor position. Strictly speaking, they are also affected 
by the excited current for nonlinear saturation. Fig.13 is the 
inductance diagrams in the rating current. For twice number of 
the stator poles, FSPMM with 12/14 has almost half self- and 
mutual inductance as those of 6/7.  
TABLE III 
AVERAGE TORQUE AND TORQUE RIPPLE  
Items 6/7 12/14 
Average torque (Nm) 4.68 4.45 
Torque ripple (%) 2.27 1.43 
C. Flux-Weakening Ability 
According to the definition in [4], the flux-weakening 
ability can be expressed by  
m m











     (4) 
where Ψm is permanent magnet flux linkage, Ld the equivalent 
d-axis inductance, id the d-axis current. This index is very 
important to PHEV application that affects the high speed 
cruising range. By adjusting the structure parameters, Ld could 
become larger than q-axis inductance Lq, but the torque ripple 
might become much serious. Hence, one compromise value 
between β and torque ripple could be chosen, which are shown 
in Table IV. For comparatively lower PM flux linkage and 
larger leakage inductance, FSPMM with 12/14 has stronger 
flux weakening ability.  
TABLE IV  
FLUX-WEAKENING ABILITY  
Items 6/7 12/14 
Flux weakening ability 4.32 5.08 
 








































































Fig.13. Self- and mutual- inductances. (a) 6/7 poles. (b) 12/14 poles. 
D. Efficiency 
The power loss mainly includes armature winding (copper) 
loss, iron loss, friction and stray loss. It is very easy to calculate 
the copper loss, and the friction and stray loss could be 
estimated by experience. The iron loss calculation is given 
below. Based on the data provided by the manufacturer, the 
iron losses Pt under time-varying flux is separated into a 
hysteresis loss component Ph and eddy current component Pc, 
both in watts per kilogram as indicated below. 
 2 2t h c h m e mP P P k f B k f B
α α
= + = +                              (5) 
where f and B are the frequency and the peak value of the 
magnetic flux density, respectively; kh, ke and α are the loss 
coefficients of one novel material, M19_29G. The three 
coefficients could be calculated automatically by commercial 
finite element algorithm software, such as ANSYS, after 
entering the B-H data of the silicon steel. The efficiency is 
estimated in Table V. For lower torque and larger stator 
resistance, FSPMM with 12/14 has lower efficiency than that 
of 6/7.  
TABLE V  
EFFICIENCY ESTIMATION  
Items 6/7 12/14 
Efficiency (%) 92.4 90.5 
V. CONCLUSIONS  
PHEVs have been paid much attention recently for their 
less or even zero emission to our atmosphere for their 
propulsions by the electricity. Hence, the electric drive system 
as one of the most important units plays the key role in the final 
PHEV successful commercialization. In order to reduce the 
volume and complexity of mechanical construction, increase 
the efficiency, etc., one novel PHEV configuration with only 
one machine as motor or generator, and energy storage unit 
combining both supercapacitor and battery has been provided. 
For continuous working state, the drive machine should have 
strong thermal dissipation ability, good robustness, and 
redundancy capability even in some serious conditions except 
for the traditional requirements for the hybrid electrical vehicle.  
This paper firstly analyzes the primary traits of FSPMM, 
one emerging stator-PM machine, including the mechanical 
structure, operation principle, fundamental performance curves. 
For the double salient structure, the FSPMM has torque ripple 
and partial magnetic saturation. Then it discusses how to 
optimize the FSPMM based on the objective function 
according to the project requirement. Finally, the optimal 
schemes are given out as well as comprehensive analysis of 
typical performance curves, involving cogging torque, flux-
linkage, back-EMF, rating torque, self- and mutual- 
inductances, flux-weakening ability, efficiency, etc.  
Some important features of FSPMM are summarized here. 
(1) FSPMMs have bipolar flux linkages for its special magnetic 
circuits, which could make full use of the PMs. They have 
higher torque/power densities than those of traditional PM 
machines.  (2) They have higher efficiency for shorter 
concentrating end-windings and more compact volume.  (3) 
Due to larger d-axis inductances, FSPMMs have larger flux-
weakening ability without extra DC excitation coils. For larger 
surface area with stator iron, PMs could not be demagnetized 
in the continuous operation at the rating point.  (4) Due to the 
sinusoidal flux linkage and EMF waves, FSPMM could be 
operated completely in the BLAC model by skewing rotor. The 
control schemes of AC machines can be adopted in the 
FSPMMs directly.   
The fundamental investigations indicate that FSPMM is 
one good candidate for our novel PHEV drive system for its 
good thermal dissipation capability, strong robustness suitable 
for high speed application, good flux-weakening ability more 
than four times, high torque/power density from the bipolarity 
of phase flux linkage.  
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